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ABSTRACT: Despite significant success in therapeutic
development, malaria remains a widespread and deadly
infectious disease in the developing world. Given the nearly
100% efficacy of current malaria therapeutics, the primary
barrier to eradication is lack of early diagnosis of the infected
population. However, there are multiple strains of malaria.
Although significant efforts and resources have been invested
in developing antibody-based diagnostic methods for Plasmo-
dium falciparum, a rapid and easy to use screening method
capable of detecting all malaria strains has not been realized.
Yet, until the entire malaria-infected population receives
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treatment, the disease will continue to impact society. Here, we report the development of a portable, magneto-optic
technology for early stage malaria diagnosis based on the detection of the malaria pigment, hemozoin. Using f-hematin, a
hemozoin mimic, we demonstrate detection limits of <0.0081 pg/mL in S00 uL of whole rabbit blood with no additional
reagents required. This level corresponds to <26 parasites/uL, a full order of magnitude below clinical relevance and comparable

to or less than existing technologies.
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alaria remains a major global health problem. It is the

leading cause of morbidity and mortality. However,
although malaria is found in nearly every country, the burden of
the disease rests primarily in the developing world. Nearly half
of the world’s population currently lives in malaria-endemic
regions." Each year, more than 200 million people are infected,
and more than 500,000 individuals die from malaria and its
complications.””” Seventy percent of deaths occur in children
aged under S5 years.” These rates are particularly frustrating
given the efficacy of current therapeutics. Specifically, if an
infected person is identified early, treatment is nearly 100%
effective when properly prescribed and administered.®”""
Therefore, to eradicate malaria, it is necessary to identify and
treat the infected population.

The two most commonly used methods are optical
microscopy and antibody-based diagnostic tests. Light micros-
copy of blood smears has been the gold standard for malaria
diagnosis for over a century.*”'*"? Among methods currently
used, it is the most reliable at identifying infections from all
malaria parasites. However, it is low-throughput and is both
labor-intensive and expensive as it requires the use of high-
powered microscopes.”'*'® Additionally, the reliability of the
method is strongly dependent on the technician’s training and
experience, with accuracy varying by several orders of
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magnitude. This level of user bias in a diagnostic is clearly an
issue and motivated the development of the rapid diagnostic
test (RDT). Since the initial demonstration, species-specific
RDTs have been designed based on the different proteins and
biomarkers. For example, RDTs detecting the presence of
histidine-rich protein 2 (HRP-2) (specific to Plasmodium
falciparum), Plasmodium lactate dehydrogenase (specific to P.
vivax, P. malariae, and P. ovale) and/or aldolase (a panmalarial
antigen found in all Plasmodium species)'°™>' have been
demonstrated. However, like any antigen-based diagnostic,
reliability is governed by stability of the reagent(s), which, in a
low-resource environment, is a fundamental concern.”” In
addition, the accuracy of these antibodies in malaria detection
has recently been called into question.23 Therefore, developing
a screen for malaria that is independent of user bias is clearly of
great societal interest and need.

At the heart of any diagnostic test is an indicator of the
disease. Initially called the malaria pigment,”* hemozoin is a
magnetic nanoparticle byproduct of the parasite.zs_30 Because
it is specific to malaria, it is an ideal biomarker. Notably, unlike
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Figure 1. Hemozoin production. (a—d) Formation of hemozoin and subsequent release into the bloodstream. (a) Parasite (shown in purple)
remains in the liver, reproducing until it is released into the bloodstream. (b) Free heme is generated, as a byproduct of hemoglobin consumption by
the parasite. (c) Heme is aggregated into an insoluble crystal known as hemozoin. (d) Hemozoin is released into circulation during erythrocyte lysis.
(e) Scanning electron microscopy image of f-hematin, a hemozoin mimic.

all other naturally occurring materials in the blood, hemozoin
exhibits strong paramagnetic behavior, responding to low
magnetic field strengths. Therefore, if found in a patient’s
blood, hemozoin is indicative of malarial infection.*' ~>*

As shown in Figure 1, the malaria parasite uses hemoglobin
as its primary nutrient source, leading to parasite growth and
asexual replication while also generating monomeric heme,
which is highly toxic to the parasite. As the parasite is unable to
excrete the free heme and does not possess a heme oxygenase
to recover the iron and detoxify the heme, heme is converted
by the parasite in a crystallization process to form the insoluble
hemozoin.”*** The morphology of hemozoin varies depending
on the parasite species,””*” though the nanocrystals typically
have an elongated rod-like shape with a length ranging from
300 nm to 1 yum.

Given hemozoin’s specificity as an indicator for malaria, a
wide range of methods have been developed for its detection.
Two of the more popular methods with abilities to consistently
detect clinically relevant concentrations of hemozoin are laser
desorption mass spectrometry and Raman spectl’oscop}7.1’38_40
Other methods include flow cytometry and polarization
microscopy.” ~** However, similar to conventional smear
optical imaging, these methods are time- and equipment-
intensive and require extensive training on the part of the user
to yield accurate results. In parallel with the development of
these detection systems, a hemozoin mimic has been created,
known as p-hematin, allowing for the study of hemozoin
without the need to handle malaria-infected samples.*” p-
Hematin and hemozoin from P. falciparum share the same unit
crystal structure and the same magnetic and optical properties,
making f-hematin the standard hemozoin mimic used in the
field***® In addition, the hemozoin crystals from other
Plasmodium species that infect humans, specifically P. vivax, P.
ovale, P. malariae, and P. knowlesi, are very similar to those from
P. falciparum, making f-hematin a sufficient mimic for all forms
of human malaria.**"’

Leveraging these unique properties of hemozoin, we have
designed, constructed, and validated a portable optical
diagnostic system (PODS) for malaria detection (Figure 2).
The PODS is based on differential optical spectroscopy.
Specifically, by monitoring the change in optical power before
and after a magnet is applied, we are able to determine the
concentration of f-hematin present in whole blood.

In the design of this system, we placed a strong emphasis on
engineering for operation in low-resource environments with a
goal of detecting clinically relevant concentrations in whole
blood. Several considerations are taken into account when
designing a diagnostic platform for operation in low-resource
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635 nm Magnet]
laser diode

Photodetector

Figure 2. Schematic of the PODS. The entire PODS weighs 10
pounds and is enclosed in a dark plastic box to minimize noise from
ambient light and increase portability. The PODS consists of off-the-
shelf components that can be readily replaced, and it can operate
strictly off of battery power for approximately 8 h of continuous use.

settings, including cost, weight, energy, reagents and disposable
materials, system lifetime and part replacement, and user
interface. Notably, our design and optimization process was
focused on the end application and the target audience rather
than achieving the ultimate sensitivity or performance possible.

Light from a 635 nm laser diode (ThorLabs, CPS635) passes
through a poly(methyl methacrylate) microcuvette containing
500 uL of sample to a photodetector (ThorLabs, $120C). To
perform detection, a pair of measurements is taken with and
without a magnet in close proximity to the sample. Because the
magnet pulls all of the magnetic nanoparticles out of the beam
path, the difference between the two signals is directly related
to the nanoparticle concentration. This strategy is elegant in its
simplicity as it reduces the effect of sample-to-sample variation,
which is inherent in human specimens. The detection of
clinically relevant concentration ranges (<1 to 5 ug/mL'>*%*")
in whole blood with no additional reagents is demonstrated.
Given this system design, all previous system design constraints
are met, and the diagnostic platform is ideally suited for low-
resource environments.

B RESULTS AND DISCUSSION

System Optimization Experiments. Before performing
measurements with whole blood, a series of measurements
were performed to optimize several system design parameters
including the magnetic field strength, sample size, and data
acquisition time. A subset of these results is shown in Figure 3.
Additional results, including system optimization experiments
with nanoparticles and control experiments, are contained in
the Supporting Information.

As expected, the signal is dependent on the concentration of
P-hematin present in the solution. As shown in Figure 3a, at -

DOI: 10.1021/acssensors.8b00269
ACS Sens. 2018, 3, 1264—1270



ACS Sensors

1.16 pg/mL

’;“ 0.003

g

a;_’ 0.002

o)

o

-i 0.001

()]

g i

5 0.000 600 N

o“c
Sam 1 0 g
/ 2
@ Ple «\(o

g 0.12 | 0.003 : /K i
§, 0.002 : /‘;/

— [ H |

o

% 0.08 | 0.001 ' ]
% 00005751
o 0.04 ¢ 1
(o))

% = Trial 1
c > 2 ® Trial 2
O 000 F & ® @ wxE A Trial 3| |

0.01 0.1 1 10 100 1000

(b) Concentration (ug/mL)

—1.16 pg/mL
—~ T T T ——0.029 pg/mL
% 0003 ——0.0087 pg/mL
o
2 0.002}
[e]
[a
£ 0.001}
(]
(@)}
g
S 0.000}
O .

500 1000 1500 2000
Time (seconds)

(c)
Figure 3. Results for preliminary tests with f-hematin in 10% PEG. (a)
Experimental and mathematical results. Solid lines show experimental
data; shaded regions show ranges provided by mathematical modeling.
Time on the x-axis refers to the total testing time. The magnetic field is
applied at ¢ = 30 s. (b) Working range of the PODS for f-hematin
concentrations in 10% PEG. (c) Reproducibility of results. The
measurement was performed iteratively using the same setup.

hematin concentrations as low as 0.0087 pg/mL, we still see a
sizable increase in transmission upon application of the
magnetic field as compared to the base noise level (signal-to-
noise ratio equals 5.03). There is also excellent agreement
between the experimental data and the ranges provided by the
simulations. The slight fluctuation in the transmission can be
attributed to random particle—particle interactions. Because of
the stochastic nature of these interactions, it was not possible to
predict absolute values at any point in time. As such, to capture
the overall transmission change due to the particle motion,
lower and upper bounds on the signal were calculated, giving a
+15% bound around the model fitting results. By fitting the
experimental data, the coefficients f(p) and &, are determined,
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and f(p) fits a sigmoidal curve, as expected. Here, f(p) is a
function of the concentration of the particles, and 0, is related
to the properties of the particles and the magnetic field. These
two parameters are discussed in more detail in the methods and
in the Supporting Information. Also, for the same type of
particle, &, is larger for solutions with lower viscosity, which
agrees with its definition. The details of the model, including all
constants used as well as derivations, are in the Supporting
Information.

Figure 3b shows the characterization of the working range of
the PODS, and Figure 3c investigates the reproducibility of the
instrument. Each sample was analyzed three times to determine
the reproducibility of the sensing signal generated. As can be
seen in Figure 3c, the signal produced by the device is fairly
consistent for each concentration tested. All of these results,
along with additional preliminary experiments with iron oxide
nanoparticles (included in the Supporting Information),
confirmed that the PODS was capable of reproducibly
detecting clinically relevant concentrations of f-hematin in
PEG solutions with minimal user input.

f-Hematin in Blood Experiments. To verify the
diagnostic abilities of the PODS system, a series of whole
blood samples were doped with known concentrations of -
hematin and analyzed. Notably, only 500 uL of the sample is
used in the analysis, and the only processing conducted on the
sample is an ultrasound treatment. No additional reagents are
needed. A subset of the results from the f-hematin measure-
ments in whole blood is shown in Figure 4.

As shown in Figure 4a, the signal is dependent on the
concentration of A-hematin present in the solution. At
concentrations as low as 0.0081 yug/mL of f-hematin, we are
still seeing a sizable increase in transmission upon application of
the magnetic field as compared to the base noise level (signal-
to-noise ratio equals 4.03). Additionally, the noise does not
appreciably increase as the concentration increases. There is
also excellent agreement between the experimental data and the
ranges provided by the simulations. As with the previous
results, lower and upper bounds give a +15% range above and
below the fitting results.

Figure 4b shows the characterization of the working range of
the PODS. As expected, it has a sigmoidal response, though the
entire sigmoid to the saturation point was unable to be
captured. Although a sensitivity level of <1 pug/mL may seem
unremarkable when taken in the broader context of ultrahigh
sensitivity diagnostics, it is important to remember that the
relevant detection concentrations for malaria are <1—5 pg/mL
of hemozoin, which corresponds to <26 parasites/uL. Addi-
tionally, this device has shown the ability to detect
concentrations a full order of magnitude below clinical
relevance and still differentiate the signal from the noise.

Figure 4c investigates the reproducibility of the instrument’s
signal. Each sample was tested three times to monitor the
behavior of the system over three separate cycles. As can be
seen in Figure 4c, the signal produced by the PODS is fairly
consistent over each cycle for the low and medium
concentrations tested. However, at the very high concentration
levels and after multiple measurements on the same sample, the
change in signal begins to decrease, and the noise level
increases. This behavior is attributed to the nanoparticles
forming aggregates. This result verifies that the signal produced
by the PODS is reproducible at clinically relevant concen-
trations, which is a key feature of a diagnostic tool.
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Figure 4. Results for tests with -hematin in whole rabbit blood. (a)
Experimental and mathematical results. Solid lines show experimental
data; shaded regions show ranges provided by mathematical modeling.
(b) Working range of the PODS for f-hematin concentrations in
rabbit blood. (c) Reproducibility of results. The measurement was
performed iteratively using the same setup.

In this work, we demonstrate an innovative and practical tool
for malaria screening. We validated that, through the use of
magneto-optic technology, we can detect clinically relevant
concentrations of a hemozoin mimic in whole rabbit blood.
Additionally, the size, weight, and power requirements of the
PODS make it ideal for use in low-resource environments as a
screening diagnostic.

Although this work confirmed the diagnostic mechanism and
the sample compatibility, there are some experiments that must
be performed before this device may be implemented in
malaria-endemic regions. We must further validate the
diagnostic ability using samples infected with malaria and
conduct a longitudinal study to see how the specificity and
sensitivity of the PODS changes through the course of the
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natural disease progression (and through the course of
subsequent treatment).

In conclusion, we have developed a portable, self-contained
malaria diagnostic capable of detecting clinically relevant
concentrations of synthetic hemozoin in 500 yL of whole
rabbit blood, and we have verified the device’s functionality
with both mathematical modeling and experiments. The PODS
has shown the ability to detect concentrations of a synthetic
hemozoin mimic a full order of magnitude below clinical
relevance, while still differentiating the signal from the noise.
Although 500 pL is not likely to be achievable with a finger
prick, presently, further work is being conducted to decrease
the sample volume required by reconfiguring the sample
cuvette and exploring alternative photodetectors. In addition,
whereas this system utilizes ultrasound to lyse the blood
samples, there are many other methods known to lyse cells that
could be more readily incorporated into the system, all of which
are being tested and considered for future versions of the
PODS. By identifying both asymptomatic and symptomatic
populations in malaria-endemic regions, early stage diagnosis
and therapeutic intervention can occur, both of which are
crucial to successfully eliminate this disease.

B METHODS

Experimental Strategy. The goal of this study was to validate the
PODS using whole blood samples, confirming both the magneto-optic
detection mechanism and its compatibility with untreated whole blood
samples. The ability to detect malaria without costly and delicate
reagents could be transformative in combatting the disease in low-
resource regions.

To reduce potential confounds and enable precise control over the
concentration of nanoparticle in the blood, we opted to work with f-
hematin, an exact mimic of hemozoin, the byproduct created by the
parasite that the PODS is designed to detect. We first conducted
experiments to optimize the system, testing a wide range of
concentrations of f-hematin in solvents with viscosities similar to
blood. Once the PODS was optimized, we tested f-hematin in whole
rabbit blood samples. No additional reagents were required, and the
only processing step was ultrasound treatment of the samples to lyse
the cells. Each sample was tested at least three times to ensure
reproducibility.

Synthesis of fi-Hematin by Acetate-Mediated Production.
To synthesize f-hematin, we followed the standard acetate-mediated
production route.**° Hemin (90 mg, Fluka) was dissolved in 10 mL
of NaOH (0.1 M) and neutralized with 1 mL of HCI (1 M). To this
was added 9.25 mL of acetate buffer (9.7 M, pH 4.8), and the mixture
was incubated for 1 h at 60 °C. After incubation, the reaction was
quenched with water, and the mixture was cooled over ice. The
resulting precipitate was collected via filtration and extensively washed
with water. To remove any unreacted hemin, the air-dried precipitate
was placed in a 15 mL Falcon tube with 1 mL of an aqueous pyridine
solution consisting of 5% (v/v) pyridine, 40% (v/v) acetone, and 0.02
M HEPES (pH 7.4). This well-shaken mixture was diluted to 10 mL
with water, centrifuged for 10 min, and the supernatant discarded. The
resulting precipitate was washed with water until the supernatant was
clear. Finally, the precipitate was collected via filtration and left to dry
over P,O;.

Device Design. As shown in Figure 2, light from a 635 nm laser
diode (ThorLabs, CPS635) passes through a 3 mL poly(methyl
methacrylate) microcuvette to a photodetector (ThorLabs, S120C).
To perform detection, a magnet is brought in close proximity to the
sample using a motorized linear actuator. The magnet pulls all of the
magnetic nanoparticles out of the beam path, thereby increasing the
optical transparency of the solution. The change in optical power is
recorded and plotted in real-time on a laptop. The PODS weighs 10
pounds and is entirely self-contained within a dark plastic box, which
not only increases portability but also decreases the effects of ambient
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light on the system. The PODS can operate strictly oft of battery
power for approximately 8 h of continuous use. The limiting factor is
the laptop to which the data are output. Otherwise, the only
component that requires charging is the laser diode, which can be
powered by an external USB battery pack for up to 36 h.

It is important to note that the magnet is initially located sufficiently
far from the sample, such that the magnetic field (B) is negligible
inside the cuvette. By decreasing the gap distance between the magnet
and the sample, the magnetic field strength increases. In the present
work, this gap was decreased quickly enough that the magnetic field
strength had two states: on and off. This approach allows label-free
detection of the nanoparticles to be performed in real-time as well as
self-normalization. Initial experiments contained in the supplement
optimized the magnet strength, which, in turn, determined the PODS
footprint and the detection time. Specifically, a stronger magnet
decreases the time-to-signal, enabling higher sample throughput.
However, a stronger magnet also increases the requisite initial gap
distance between the sample and the magnet, increasing the system
footprint. For the present work, the magnet strength was chosen such
that sample throughput was one sample every 8—10 min with an
overall footprint under 10 in. X 12 in.

Mathematical Modeling. To understand the sensing signal, a
mathematical model was created. Although the model is based on
optical spectroscopy, it also incorporates the time-dependent nature of
the signal that arises from the interaction of the magnetic field with the
magnetic nanoparticles. As has been well established, the optical signal
in optical transmission spectroscopy is primarily due to scattering and
absorption.”"** In the present work, the signal is dominated by the
scattering component. As such, the power of the transmitted light is
inversely related to the number of particles in the path of the laser
beam.

To model the signal generated, first, the trajectories of the
nanoparticles are calculated. Once these values are known, the
number of nanoparticles in the path of the laser beam and the induced
optical transmission decrease at any point in time can be determined.
The particle motion can be described by 2D equations of motion that
describe the horizontal (x) and vertical (y) directions. By solving the
equations of motion, the expression for the change in transmitted
power (AP) versus time can be derived as

AP = f(p)(1 — &)

where f(p) is a function of the density of the magnetic nanoparticle,
which reveals the maximum power in transmission that can be
detected for different concentrations of nanoparticles. The effects of
magnetic force and viscosity are captured in &,, which is defined in
Supporting Information, and ¢ is time.

p-Hematin in PEG Measurements. To optimize parameters and
validate the diagnostic capability of the PODS, we first performed a
series of measurements with rod-shaped f-hematin (75 nm X 75 nm X
300—400 nm,*® as shown in Figure le). Particles were suspended in
10% polyethylene glycol (PEG) and 15% PEG. The addition of PEG
increased the viscosity of the solution in a predictable manner,
allowing validation of a mathematical model. Using serial dilution, a
range of concentrations of each solution was made from 393.3 to
0.0087 pig/mL. Each sample was then analyzed using the PODS in the
same manner. First, a background was taken using a null or blank
solution (10 or 15% PEG, dependent upon the sample). Then, 3 mL
of the sample was pipetted into an empty cuvette, and with the magnet
located away from the sample, the box was closed. A second
background was taken for 30 s to compare with the initial background
to ensure that changing the samples had not disrupted the system, and
then the magnet was moved into place using the motorized stage.
Notably, the box was not moved during either of these measurements,
enabling the continuous acquisition of data and observation of the
onset of magnetic field-induced nanoparticle motion. The total
measurement duration was 10 min with an acquisition rate of 60
points/min, for a total of 600 points/measurement. All measurements
were performed multiple times (N = 3) on the same solution to verify
reproducibility of the measurement.
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pB-Hematin in Whole Rabbit Blood Measurements. To validate
the diagnostic capability of the PODS and verify the model in blood
samples, we performed a series of measurements with f-hematin
suspended in whole blood, collected from live Dutch Belted rabbits
and mixed with anticoagulant (Camco Sequester-Sol Liquid
Anticoagulant) to prevent clotting during transportation to the lab.
A series of solutions was then made, resuspending the S-hematin
particles in whole blood at 4.0 mg/mL concentration. Using serial
dilution, a range of concentrations was made from 400 to 0.0081 ug/
mL. Each sample was then lysed by sonication for 60 s> and analyzed
using the PODS in the same manner. First, a background was taken
using a null, or blank, solution (uninfected rabbit blood). Then, 500
UL of the sample was pipetted into an empty microcuvette, and with
the magnet located away from the sample, the box was closed. A
second background was taken for 30 s to compare with the initial
background to ensure that changing the samples had not disrupted the
system, and then the magnet was moved into place using the
motorized stage. Notably, the box was not moved during either of
these measurements, enabling the continuous acquisition of data and
observation of the onset of magnetic field-induced nanoparticle
motion. The total measurement duration was 10 min with an
acquisition rate of 60 points/min, for a total of 600 points/
measurement. All measurements are performed multiple times (N =
3) on the same solution to verify reproducibility of the measurement.
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